electrochemical impedance spectroscopy and was found to be in the range of 1.6 × 10 −6 S cm −1 at 573 K.
Introduction
Nowadays, there is a great demand for efficient electrical energy storage not only for mobile electric devices but also for regenerative energy resources like solar and wind power. In the case of rechargeable Li-ion batteries, the potentially best chance for improvement lies in the development of new cathode materials. Since 1977, several cathode materials have been used starting with titanium disulphide TiS 2 , followed by lithium cobalt dioxide LiCoO 2 (1991), lithium manganese spinel LiMn 2 O 4 , and, finally, lithium iron phosphate LiFePO 4 (2006) . 1 Because of their high stability and easy synthetic accessibility, oxide-based inorganic materials play a major role in the innovation process of electric components. Hitherto, only little research was carried out in the field of lithium transition metal tellurates as potential cathode materials. This can be attributed to difficulties in the crystallization of these materials and the following crystal structure investigation mostly possible only from powder diffraction data. Recently, a new lithium rich material Li 4 NiTeO 6 was synthesized by Sathiya et al., which showed an excellent volume stability and a relatively high capacity of 110 mA h g −1 , based on a 2 e − redox mechanism associated with the Ni 2+ /Ni 4+ redox couple. 2 These findings were derived from first-principles investigations on the delithiation process during charging. 3 McCalla et al. reported on a material in the lithium rich Li-FeTe-O system that exhibited no transition metal oxidation during the charging process. Two oxygen-related mechanisms were identified to contribute to the whole capacity change of Li 4.27 Fe 0.57 TeO 6 during charge and discharge. 4 The crystal structures of many of these mixed oxides (including various superstructure variants) can be attributed to the general formula A x (M,L)O 2 consisting of alkali cations A and brucitelike layers of (M,L)O 3/6 octahedra. LiCoO 2 and its substitution variants with intercalated lithium ions between the octahedral slabs are excellent electrode materials for Li-ion batteries. 5 With sodium instead of lithium, Na x CoO 2 bronzes are formed, which are efficient thermoelectric materials or even superconductors when hydrated. 6, 7 Furthermore, these partially complex oxidic materials show very high alkali-cation conductivity. From tellurates, the compounds Na 2 M 2 TeO 6 (M = Mg, Co, Ni, Zn) 8 and Na 2 LiFeTeO 6 9 should be mentioned here exhibiting a pure ionic conductivity of 4-11 S m −1 at 573 K.
Depending on the different stacking of the brucite-like (M,L)O 3/6 octahedral layers and in particular on the different coordination of the interlayer alkali cations, various compounds can be classified into different polytypes named O3, P2, P3, etc.
In this notation, according to Fouassier et al., 10 O stands for octahedral and P for trigonal prismatic coordination of the A ions and the digit for the number of brucite-like layers in the unit cell. In many cases, honeycomb-like superlattice ordering of the two heterovalent M and L cations was observed by the surroundings of isolated LO 6 octahedra from six MO 6 octahedra in a honeycomb-like arrangement. General compositions of these rock-salt type superstructures are Li 3 M II 2 LO 6 (M = Mg, Co, Ni, Cu; L = Nb, Ta, Sb, Bi) [11] [12] [13] [14] [15] [16] [17] and Na 3 M III 2 LO 6 (M = Mg, Co, Ni, Cu; L = Sb). [18] [19] [20] 
The thoroughly ground mixtures of the starting materials were filled into a corundum crucible and placed in an open silica glass ampoule to ensure sufficient oxygen availability. Subsequently, the silica glass ampoules were placed in a vertical tube furnace regulated by using an eight level PID controller with a type K thermocouple. With a heating rate of 1 K min −1 , the mixtures were first heated in air to a temperature of 773 K for 3 h to completely oxidize tellurium to its oxidation stage Te VI . 26 Afterwards, the temperature was increased to 1173 K for 36-100 h with a ramp rate of 2 K min −1 and then slowly cooled down to a temperature of 473 K with a ramp rate of 0.1 K min −1 to ensure good crystal quality. The polycrystalline product appears bluish grey with a metallic lustre and is stable in air. Instead of Li 2 CO 3 , elemental lithium as a starting material is also possible but more homogeneous results are derived from the syntheses with the carbonate.
Characterization
Elemental analysis EDX and ICP. The Li 3 Co 1.06(1) TeO 6 crystals were semi-quantitatively investigated by the use of a Jeol JSM-6010LV scanning electron microscope with a Quantax (Bruker Nano) energy-dispersive system (EDX) for element identification. Small particles of the samples were placed on adhesive carbon platelets and four suitable regions of the crystals were selected as measurement points. The experimentally observed Co to Te ratio in Li/Co ratio of 2.84 (9) . This Li/Co ratio was used for the refinement of the site occupancy parameters of the single-crystal structure data. X-ray diffraction and data collection. For the characterization of the polycrystalline sample of Li 3 Co 1.06(1) TeO 6 by X-ray powder diffraction methods, a STOE Stadi P diffractometer with (111) curved Ge monochromatized Mo-K α1 radiation (λ = 70.93 pm) was used. The sample was mounted between two thin acetate films with high-vacuum grease and measured in transmission geometry. The diffraction intensities were collected by using a Dectris MYTHEN2 1K microstrip detector with 1280 strips. The lattice parameters derived from the Rietveld refinements agree well with those obtained from the single-crystal data (see Table 1 ). Details about the Rietveld refinement as well as the Rietveld plot (Fig. S1 †) are given in the ESI. † A couple of crystal fragments of the crushed sample were embedded in polyfluoropolyalkylether (viscosity 1800) and treated under a microscope. Smaller fragments of Li 3 Co 1.06(1) TeO 6 appear transparent blue. Selected single-crystal fragments were fixed on the tip of MicroMounts™ (MiTeGen, LLC, Ithaca, NY, USA) with a diameter of 30 μm and a subsequent intensity data collection of the Li 3 Co 1.06(1) TeO 6 crystals was carried out using a Bruker D8 Quest diffractometer with a Photon 100 detector system and an Incoatec Microfocus source generator (multi-layered optic, monochromatized Mo-K α radiation, λ = 71.073 pm). To enhance the collection strategies concerning ω-and φ-scans, the APEX 2 program package 28 was used and data sets of complete reciprocal spheres up to high angles with high redundancies were received. Further data processing and data reduction were performed with the program SAINT 28 and a correction regarding absorption effects was carried out on the semi-empirical "multi scan" approach with the program SADABS.
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Physical property measurements Magnetic properties. The powdered sample of Li 3 Co 1.06(1) TeO 6 was packed into polyethylene (PE) capsules and attached to the sample holder rod of a Vibrating Sample Magnetometer (VSM) unit for measuring the magnetization M(T,H) in a Quantum Design Physical Property Measurement System (PPMS). The samples were investigated in the temperature range of 2.5-300 K with magnetic flux densities up to 80 kOe.
X-ray photoelectron spectroscopy (XPS). The oxidation states of the samples were investigated by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific MultiLab 2000 spectrometer. This instrument is equipped with a monochromated Al-K α X-ray source, an Alpha 110 hemispherical sector analyzer as well as an ion gun for sputter-depth profiling (with 3 keV argon ions), and features a base pressure in the low 10 −10 mbar range. In order to avoid charging of the samples upon irradiation, a flood gun, providing electrons of 6 eV, was utilized. The Li 1s, Te 3d and C 1s spectra were fitted using Gaussian/Lorentzian products (30% Lorentzian character). Because of the complex shape of the Co 2p region, reference spectra had to be employed to determine the amount of Co III During the sputter depth profiling, using adventitious carbon as the charge reference was not possible (because it was sputtered away during the first step). The latter was used for the surface spectra, and the other spectra were referenced to the Co 2p region because no peak shift between Co II and Co III was observed.
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Electrochemical impedance spectroscopy (EIS). The in situ impedance cell consists of an outer quartz tube with two inner quartz tubes to which the sample and the electrodes were attached. Heating is provided by using a tubular Linn furnace and controlled by the use of a thermocouple (K-element) located in the reactor about 5 mm downstream of the sample and a Micromega PID temperature controller. 30 The impedance is measured by using an IM6e impedance spectrometer (Zahner Messsysteme, Germany), which provides data on the impedance and the phase angle of the current as a function of voltage. The powder samples were pressed into pellets with a pressure of 1.5 t (5 mm diameter, 0.1 mm thick) and placed between two circular Pt electrodes forming a plate capacitor in mechanically enforced contact with the sample pellet. For all temperature-programmed impedance measurements, 20 mV signal amplitude and a frequency of 1 Hz were applied to the Pt electrodes. The impedance modulus value |Z| of the pellet was, thus, effectively measured in an electrochemically unpolarized state.
The electrical properties were also determined by AC EIS measurements in a frequency range between 100 mHz and 1 MHz with 20 mV signal amplitude. The real and imaginary parts of the impedance were first measured from 1 kHz up to 1 MHz (within 19 s) and then from 1 MHz down to 100 mHz (within 4 min 37.7 s; total measuring time: 4 min 56.7 s) to check for changes of the system during EIS. A 1 h interval was allowed for thermal stabilization after each temperature change. Curve fitting and resistance calculation were performed with the Zahner ThalesBox and with an adapted equivalent circuit model consisting of two R-CPE elements in series as described in ref. 31 and 32. 3 Results and discussion
Structure refinements
The diffraction data showed an F-centered orthorhombic lattice and the systematic extinctions were in agreement with the space group Fddd. The starting atomic parameters were derived from the "Intrinsic Phasing" method, 33 implemented in the APEX 2 program package. 28 Subsequently, full-matrix least squares refinements based on F 2 were executed with the program SHELXL-2013. 34, 35 All atoms were refined with anisotropic displacement parameters. The correct composition of the compound was verified by refining the occupation parameters in a separate series of least-squares cycles. 6 (Li/Co = 2.83) was achieved by a full occupation of the Li2 site. This increased the thermal anisotropic displacement parameters of Li2. Actually, however, a part of the Li2 atoms will be statistically distributed to the neighboring tetrahedral positions. Possible Li/Co mixed occupations were considered in various refinement cycles but did not improve the structure model nor reflected the results of the additional analyses. Nevertheless, mixed occupations in this highly dynamic system cannot be excluded or are even most likely. The correctness of the space group was checked with the ADDSYM 36 routine of the PLATON program package. 37 Detailed information about the single-crystal structure determination can be found in Table 1 . The positional parameters, anisotropic displacement parameters, interatomic distances, and angles are given in Tables 2-5 . Further details of the structure refinements may be obtained from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the deposition number CSD 433117 (Li 3 Co 1.06(1) TeO 6 ).
Crystal chemistry
The here presented compound Li 3 Co 1.06(1) TeO 6 crystallizes orthorhombically with the following unit cell parameters and refinement results: Fddd, a = 588.6(2), b = 856.7(2), c = 1781.5(4) pm, R 1 = 0.0174, wR 2 6 and CoO 6 octahedra. However, it should be noted that the displayed Co octahedra are only about 53% occupied in a statistical manner. This part of the crystal structure belongs to the first substructure of the two interpenetrating networks. Within the so-formed channels, the lithium ions are located building up the second substructure if drawn in their polyhedral view. Fig. 2 shows the crystal structure of Li 3 Co 1.06(1) TeO 6 with the 23 The anisotropic displacement parameters of the lithium ions inside the octahedral coordination sphere are enlarged, indicating a possible Li ion mobility. As described in the Structure refinement section, the Li1 site is fully occupied within two standard deviations, whereas the Li2 site revealed an underoccupation and was filled up manually until the Li/Co ratio determined by ICP analyses was achieved. This was also legitimated by the fact that additional electron density located in a neighboring tetrahedral position resulted in the same Li/Co ratio if taken into account. However, an occupation of this tetrahedral position with lithium resulted in negative displacement parameters. Nevertheless, the located electron density in a tetrahedral environment in combination with direct facelinked under-occupied octahedral sites offers an excellent diffusion pathway for lithium ions. According to the crystal structure, two of these diffusion pathways in the orthogonal orientation exist in Li 3 Co 1.06(1) TeO 6 . In Fig. 3 the diffusion pathway along the [110] direction with Li-Li hopping distances 
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The χ and χ −1 data are depicted in Fig. 4 (top) . No magnetic ordering phenomena are visible down to low temperatures. From the inverse susceptibility, the effective magnetic moment is calculated to be μ eff = 4.32 (1) Low-field measurements between 2.5 and 100 K (Fig. 4,  middle) show an antiferromagnetic transition at T N = 43.5(2) K; the Curie-tail towards low temperatures and the magnitude of the transition however indicate that the AFM ordering is not intrinsic. In the literature, several ternary cobalt tellurates and lithium cobalt oxides are found which exhibit magnetic ordering. CoTe 6 complex magnetism with transitions T 1 = 26 K, T 2 = 19. The magnetization isotherms recorded at 3, 10, and 50 K (Fig. 4, bottom) finally show the typical behavior of a paramagnetic material, with slightly curved isotherms at 3 and 10 K. The saturation magnetization at 3 K and 80 kOe was determined to be μ sat = 1.05(1)μ B .
X-ray photoelectron spectroscopy. The results of an XPS sputter depth profile are shown in Fig. 5. In (a) , the Li 1s region is highlighted, revealing that there is no Li visible at the surface (bottom-most spectrum). It has to be noted that the Li 1s core level has an extremely low sensitivity factor of about 0.057 as compared to e.g. 19.2 for the Co 2p region. 51 Thus, the same amount of lithium results in a peak that is more than 330 times smaller than that of cobalt. Hence, the possibility exists that low amounts of lithium were indeed present, but were hidden within the noise in the spectrum. Upon short sputtering to a depth of 5 nm, a distinct feature emerged consisting of two peaks. In fact, it was possible to fit the signal by a combination of two peaks of the same width that were 1.85 eV apart. These two states were assigned to the two octahedrally coordinated lithium sites. A correlation of associated binding energies and lithium sites was difficult. Most likely, the state with higher binding energy (54.45 eV) was due to Li1 exhibiting four short (209 pm) and two long (236 pm) Li-O contacts, whereas the second one (52.6 eV) originated from the Li2 site, which featured six Li-O contacts between 216 and 218 pm. The latter made up 28% of the total Li seen in that spectrum (18 (7) at% of all elements observed, see also Table 6 ). As described above, the Li2 site revealed a site occupation of only 74% by free refinement of the site occupation parameters.
During the structure refinement, the site occupation was manually increased with respect to the measured Li/Co ratio from ICP, and due to the observed electron density at a neighboring tetrahedral position. This variability of the Li2 occupation was also observed via XPS. At a depth of 25 nm, the Li signal became even more prominent, still being comprised of (2) 30 (2) the same two compounds as described above (at 54.35 and 52.5 eV, respectively). The fraction of occupied Li2 sites had increased to 45%. After further sputtering until a depth of 75 nm was reached, the Li 1s signal intensity was significantly larger. Moreover, the Li1/Li2 ratio changed to 45 : 55, i.e. the sampled depth of approximately 2.8 nm for the kinetic energy of the Li 1s electrons 52 contained slightly more of the Li2 species (again located at a binding energy of 52.5 eV). The Li content seemed to be highly variable within the bulk sample depending on the ratio of Co II /Co III valences. This can also be gathered from the results of the quantification, listed in Table 6 , as well as from the lithium concentration profile in Fig. 6 , with the dashed line representing the expected Li concentration based on the sum formula (27.12 at%). Whereas at 5 nm, the amount of Li was lower than that value, it was within the standard deviation at 25 nm, and at 75 nm, the observed Li concentration was actually significantly higher than the expected value, which corroborated this theory.
In Fig. 5b , the Co 2p regions are displayed for each depth profiling step. In order to determine the oxidation state of the cobalt in the structure, the reference spectra of CoO and Co 3 O 4 were used. However, the surface spectrum (bottom-most spectrum) could not be fitted by a linear combination of these two references due to the higher Co III concentration as compared to Co 3 O 4 , and no reliable pure Co III reference could be obtained. Therefore, a different fitting procedure had to be applied for this surface spectrum. Instead of using the sample spectrum as the one to be fitted, the Co 3 O 4 spectrum was used. The Co 3 O 4 reference was, thus, fitted by a linear combination of the CoO spectrum and the sample spectrum. The fitting equation is shown by the following formula, with S x being the spectra of compound x and I x the respective intensity factors: The Te 3d components featured a distinct shoulder at the lower binding energy sides (see Fig. 5c ). While the majority of the signal could be described by a component with a binding energy of 576.4 eV for 3d 5/2 , and thus could be attributed to Te VI , 55 the asymmetry of the peaks required a second component at 574.8 eV to be added. Based on the binding energy, this could originate from a Te IV species, 56 which was expected to exist on the surface exhibiting a lower coordination number for tellurium. Similar surface species are known for various other compounds such as Sr-rich perovskites or yttrium oxide. 57, 58 Because Te IV accounted for 18% of the total Te 3d signal with an escape depth of 2.02 nm of the corresponding electrons, an overlayer thickness of 0.37 nm could be assumed relating to a single atomic layer. This gives strong evidence that Te IV is a surface species. The presence of Te IV also indicated that the crystal is tellurium-terminated, instead of being, e.g. cobalt-terminated. For confirmation, ion scattering data giving information about the outermost surface composition would be required. During sputtering, there was a noticeable peak shift in the Te 3d region, as the major component was at a binding energy of 575.8 eV. In the literature, there are reports of mixed Te IV/VI oxides resulting in peaks in this area. 56 However, it was still located 1.0 eV higher than the possible Te IV species, attributed to the surface spectrum. The difference in binding energy further confirmed the assignment of Te IV as a surface species.
Additionally, small contributions from suboxidic species with binding energies of 573.7 eV and 572.4 eV were identified. The lower binding energy component could even be attributed to elemental Te, 55, 59 but exact assignment was difficult with a low concentration making up only 2% of the total spectrum. Further sputtering steps did not alter the spectrum significantly. AC electrochemical impedance spectroscopy analysis. The sample conductivity was determined by two different types of electrochemical impedance experiments: (i) frequency-dependent measurements and (ii) time-/temperature-dependent impedance measurements (ii) (details are given in the ESI †).
Frequency-dependent impedance measurements (Nyquist plots). To gain information on the ionic conductivity of the sample, frequency dependent EIS measurements (Nyquist plots) were performed for Li 3 Co 1.06(1) TeO 6 . The tests were conducted in air between RT and 723 K. The Li 3 Co 1.06(1) TeO 6 sample shows the characteristic semicircles as displayed in Fig. 7 indicating the ionic conductivity of the material. At temperatures between 523 and 573 K, two depressed semicircles are apparent: a very large one at high frequencies and a small one at low frequencies. The bulk (b) contribution is usually observed at high frequencies in the Nyquist plot, whereas the grain boundary (gb) contribution is located at mid and low frequencies. 30, [60] [61] [62] The equivalent circuit model that was used in this study to fit the experimental data is composed of constant phase elements (CPEs) instead of ideal Debye's capacitors. This is generally done for polycrystalline samples due to material inhomogeneity, surface defects, ionic transport deviation from Fick's law, and electrode roughness. All these parameters give rise to a certain degree of frequency dispersion and non-uniformity of the current density. Hence, a CPE represents more accurately the capacitive behavior of this kind of cell in the whole studied frequency range. 30, [63] [64] [65] This can also be clearly seen in the depressed semicircles in Fig. 7 . It is shown that with an increase in temperature, R b and R gb decrease. The determined b and gb resistances were then converted to electrical conductivities (σ) by considering the thickness (0.1 mm) and area (0.196 cm 2 ) of the sample (see Table 7 ). 67, 68 However, starting at a temperature of 623 K and above only a straight line in the corresponding NPs is visible. The imaginary part of the impedance is basically zero and only a "real" resistance (without a phase shift) is observed indicating a significantly increased conductivity with ohmic resistance contributions.
Time-/temperature-dependent impedance measurements. Timeand temperature dependent AC impedance experiments were carried out to check for eventual phase transformations in the studied temperature region. At first, the same temperature region as used for the NPs was chosen. At RT, an impedance Table 7 Circuit parameters used to model the AC impedance spectra in Fig. 7 Temperature/K R b /Ω σ b /S cm value of 2.26 × 10 7 Ω is apparent. Upon heating to ∼353 K the impedance starts to increase leading to a value of 8.27 × 10 9 Ω.
In the temperature region between 353 and 723 K, semiconductive behavior with a decreasing impedance value upon increasing the temperature is visible. Basically, the same impedance course is visible upon re-cooling to RT with slight differences between 371 K and RT. No directly visible phase transformation processes are apparent during the heating-cooling cycle. Further details as well as plots of the time-and temperature-dependent in situ EIS measurements (Fig. S2 †) are given in the ESI. †
Conclusion
The compound sample. The Li/Co ratio thus obtained was used for the singlecrystal structure refinement and resulted in completely occupied Li sites after consideration of additional electron density in tetrahedral voids. Consequently, for reasons of electroneutrality, the cobalt site must be mixed valent, which was proved by magnetic susceptibility and XPS measurements. The facts that XPS measurements even indicated a higher lithium content in the sample, and the effective magnetic moment proposed a lower Co III content than 91(3)% suggest that 
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